The ability of Listeria monocytogenes to tolerate salt stress is of particular importance, as this pathogen is often exposed to such environments during both food processing and food preservation. In order to understand the survival mechanisms of L. monocytogenes, an initial approach using two-dimensional polyacrylamide gel electrophoresis was performed to analyze the pattern of protein synthesis in response to salt stress. Of 400 to 500 visible proteins, the synthesis of 40 proteins (P < 0.05) was repressed or induced at a higher rate during salt stress. Some of the proteins were identified on the basis of mass spectrometry or N-terminal sequence analysis and database searching. Twelve proteins showing high induction after salt stress were similar to general stress proteins (Ctc and DnaK), transporters (GbuA and mannose-specific phosphotransferase system enzyme IIAB), and general metabolism proteins (alanine dehydrogenase, CcpA, CysK, EF-Tu, Gap, GuaB, PdhA, and PdhD).
Listeria monocytogenes is a gram-positive, food-borne human pathogen which causes listeriosis in immunocompromised individuals and pregnant women (11) . This microorganism can survive a variety of environmental stresses, such as 10% NaCl solutions (26) and a range of temperatures from Ϫ0.1 to 45°C (37) . The bacterium is also able to tolerate a pH as low as 3.5 after an adaptation phase at pH 5.5 (28) . This high degree of adaptability is one reason for the difficulty in controlling the pathogen in a number of food products, since treatments used in food processing and preservation often utilize stressing agents and parameters to which L. monocytogenes is resistant. Salt (NaCl) is one of the most commonly employed agents for food conservation, allowing considerable increase in storage time by reducing water activity. However, L. monocytogenes is frequently isolated from food containing high quantities of salt, such as smoked salmon (10) . The bacterium can also be detected after 150 days in pure salt at 22°C (15) . A better knowledge of the adaptive mechanisms of L. monocytogenes to salt stress could lead to better control and prevention of this pathogen in food-processing plants.
When bacteria are subjected to a sudden shift in one or several parameters affecting their growth or survival, a program of gene expression is initiated, which is manifested as an increased or decreased amount of a set of proteins synthesized in response to stress. For instance, in Bacillus subtilis, salt stress strongly stimulates the expression of a set of proteins that probably allow the bacterium to survive in the rapidly changing environment. Salt also down-regulates the expression of other proteins which do not appear to be necessary for survival (7, 13, 22) . In the case of L. monocytogenes, it has been shown that the microorganism responds to elevated osmolarity in the environment by the intracellular accumulation of compatible solutes, called osmolytes, through osmotic activation of their transport from the medium rather than through de novo synthesis. Among the compatible solutes, glycine betaine and carnitine are the most effective, particularly against osmotic stress (4, 21, 34) . These osmolytes act in the cytosol by counterbalancing the external osmolarity, thus preventing water loss from the cell and plasmolysis without adversely affecting macromolecular structure and function (6) .
Although a number of studies of the protective effect of osmolytes in L. monocytogenes have been published, the study of the variations of protein expression in response to salt stress has just begun (8) . In order to achieve a better understanding of the impact of salt stress during food processing and preservation, the effect of NaCl on the protein expression of L. monocytogenes was studied. For that purpose, the two-dimensional (2-D) electrophoresis method, an approach that has often proved to be the appropriate tool to study the general expression levels of proteins, was used (29) . Identification of salt shock proteins and salt acclimation proteins was also undertaken by mass spectrometry (MS) or N-terminal sequencing.
MATERIALS AND METHODS
Bacterial growth conditions. The L. monocytogenes LO28 strain (serotype 1/2c) was used throughout this study. This strain is a clinical isolate and was a gift from P. Cossart (Institut Pasteur, Paris, France). L. monocytogenes was grown in MCDB 202 medium (Cryobiosystem, L'Aigle, France), a chemically defined medium (17) . This medium has a low methionine content (4.4 g/ml) and was supplemented with 1% yeast nitrogen base (Difco Laboratories, Detroit, Mich.) and 3.6 g of glucose/liter. The pH was adjusted to 7.3.
Salt stress and radioactive labeling of cultures. Cultures of L. monocytogenes were grown to mid-log phase (optical density at 600 nm, 0.3) in supplemented MCDB 202 medium at 37°C with shaking, and solid NaCl was added to a final concentration of 3.5% (wt/vol). To 4-ml aliquots of this culture, 400 Ci of a mix containing 73% L-[
35 S]methionine and 22% L-[ 35 S]cysteine (EXPRE 35 S 35 S labeling mixture; NEN-Dupont, les Ulis, France) was added immediately after the addition of NaCl or 1 h later. After 30 min of labeling, the bacteria were washed twice and resuspended in 1 ml of 20 mM Tris buffer, pH 7.5, containing 5 mM EDTA and 5 mM MgCl 2 . The cells were then sonicated with a Vibra cell (Bioblock Scientific, Illkirch, France) three times for 2 min each time on ice at power level 5 and 50% of the duty cycle. The suspension was centrifuged at 14,000 ϫ g for 10 min to pellet the unbroken bacteria and bacterial cell walls. The incorporated radioactivity was determined by precipitating 2 l of cell extracts onto glass fiber filters (Whatman GF/C) with cold 25% (vol/vol) trichloroacetic acid and then with 10% (vol/vol) trichloroacetic acid. The radioactivity was measured with a liquid scintillation counter (Packard) by using a scintillation cocktail (BCS; Amersham). Two-dimensional gel electrophoresis. Radiolabeled proteins were separated by 2-D electrophoresis according to the method of O'Farrell (29) with the following modifications. Briefly, isoelectrofocusing for the first dimension was performed in precast Immobiline DryStrip with a nonlinear gradient of pH 3 to 10 (Pharmacia Biotech, Orsay, France). The Immobiline DryStrips were rehydrated overnight with samples containing equal quantities of radioactivity (3.5 ϫ 10 6 cpm) in 8 M urea, 2 mM tributyl phosphine (TBP), 2% carrier ampholytes (pH 3 to 10; Bio-Rad, Ivry-sur-Seine, France), 2% 3-[(3-cholamidolpropyl)-dimethylammonio]-1-propanesulfonate, and traces of bromophenol blue. Proteins were first subjected to isoelectric focusing (Multiphor II system; Pharmacia Biotech) for a total of 63.7 kVh. Immobiline DryStrips were first equilibrated for 15 min in a buffer containing 50 mM Tris-Hcl (pH 6.8), 6 M urea, 30% glycerol, 2% sodium dodecyl sulfate, and 2 mM TBP and then for 15 min in the same buffer with traces of bromophenol blue and 2.5% iodoacetamide instead of TBP. The second dimension was a vertical sodium dodecyl sulfate-polyacrylamide gel electrophoresis using the buffer system of Laemmli (23) . After the second dimension, the gels were fixed overnight in a solution of 10% acetic acid and 40% ethanol and then dried at 65°C for 1 h under vacuum. The gels were exposed to storage phosphor screens (Molecular Dynamics) for 24 h and scanned with a STORM 840 PhosphorImager (Molecular Dynamics) at a resolution of 100 dots per inch.
To identify proteins by MS or N-terminal sequencing after 2-D electrophoresis, they were extracted by staining the gels with 0.1% Coomassie blue R-250 in a 40% ethanol-10% acetic acid solution and destaining them in the same solution without Coomasie blue. Each gel was extensively rinsed with distilled water.
Computer-aided analysis of 2-D gels. Gels were analyzed with Melanie 3 software (Bio-Rad). Each labeling experiment was duplicated, and at least three 2-D gels were run for each experiment. Variations in protein expression were deemed valid if they were observed in at least nϪ1 gels, n being the number of gels run for each condition, and they were analyzed using Student's t test (confidence level, 0.05), which ensured that only significant changes in the values of protein spots were taken into consideration.
Identification of proteins by MS. Proteins separated by 2-D electrophoresis were digested in the gel by trypsin (Promega). After extraction, peptides were mixed with a 10-mg/ml solution of alpha-cyano-4-hydroxy cinnamic acid (70% acetonitrile-0.3% trifluoroacetic acid) and placed on the sample plate. The samples were dried and then analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) (MS) (Voyager DE-STR; Perkin-Elmer, Norwalk, Conn.). Finally, postsource decay (PSD) was performed to determine the sequence of amino acid residues.
An Internet program, ProFound (http://prowl.rockefeller.edu), was used to search genomic databases. The program uses fragment ion masses (generated by MALDI-TOF [MS]) to search the databases for matches with peptides from known proteins. The following parameters were used in the searches: Firmicutes species, protein molecular mass range from 0 to 3,000 kDa, no restriction of pI, trypsin digest (no missed cleavage allowed), and a fragment ion mass tolerance of Ϯ50 ppm. The protein sequences found with ProFound were used to search protein databases for homologous proteins in the National Center for Biotechnology Information database; however, only a small number of L. monocytogenes proteins are available. To identify other proteins, another software program, Peptide Search, was used, which allowed us to consult a personal database established from the L. monocytogenes genome (14) . The molecular masses and isoelectric points of the proteins were computed with another Internet program (http://www.expasy.ch/tools/pi_tool.html).
Identification of proteins by N-terminal microsequencing. To obtain N-terminal amino acid sequences, selected proteins were transferred to polyvinylidene difluoride membranes (Sequi-Blot PVDF Membrane; Bio-Rad) and microsequenced using an automatic Beckman/Porton LF3000 protein sequencer. Searches for sequence homology were performed with the FASTA program (30) . (Fig. 1 ). When cells are subjected to a severe stress, they usually shut off most metabolic activity and commit themselves to adaptive strategies. Consequently, they enter a physiological state with very little protein synthesis, very different from the normal growth physiology. To obtain a less severe repression of the physiology, a salt concentration which would result in growth rate reduction of 25 to 50% of the unstressed rate was applied. A 3.5% NaCl concentration corresponding to a growth rate of 0.108 h Ϫ1 was chosen as a stressing condition. To highlight the proteins synthesized under these conditions, two independent labeling experiments on aliquots of the same culture were carried out. The first was performed 30 min after the passage in saline medium to identify the salt stress proteins; the second was performed between 60 and 90 min after the addition of salt to identify salt acclimation proteins.
RESULTS

Conditions
Induction of proteins during salt stress. About 400 distinct proteins were analyzed using Melanie 3 software, with molecular masses from 12 to 100 kDa and a pI range from 4 to 7 (Fig.  2) . Protein pattern comparisons of exponential cultures with their unstressed counterparts 30 or 90 min after being stressed allowed significant alterations (P Ͻ 0.05) to be distinguished in the expression of several proteins (Table 1) . Thirty minutes after the salt stress, the synthesis of 26 proteins was modified: 20 proteins showed lower levels of synthesis, and six were overexpressed. One hour after the salt stress, the synthesis of 25 proteins varied: 11 showed a reduction in synthesis, and 9 were expressed at higher rates.
Identification of salt stress proteins by MALDI-TOF. The tryptic peptide masses were compared in ProFound to the National Center for Biotechnology Information database with minimal restricted search parameters. Spots 13, 84, 97, and 133 were identified as similar to a heat shock protein (DnaK), an elongation factor (EF-Tu), a transporter of glycine betaine (GbuA), and a catabolite control protein (CcpA) of L. monocytogenes, respectively ( Table 2 ). The estimated values of pIs and molecular masses by 2-D electrophoresis were in agree- ment with those of the identified proteins. In addition, the Z score, which is the probability that a candidate protein in a database search is the protein being analyzed (computed by ProFound software), confirmed the correct identification. Currently, only 100 proteins of L. monocytogenes are available in the databases on the Internet, which limits identification. Nevertheless, another software package, Peptide Search, allows us to search in personal databases. The complete sequence of L. monocytogenes permitted the creation of a database of L. monocytogenes peptide masses. By this method, spots 36, 44, 48-49, 109, 155, and 206 were similar to a phosphoglycerate mutase (Pgm), a pyruvate dehydrogenase (PdhD), an inosine-5Ј-monophosphate dehydrogenase (GuaB), an alanine dehydrogenase, a homolog of mannose-specific phosphotransferase system (PTS) enzyme IIAB, and a general stress protein (Ctc), respectively ( Table 3) . Verification of these results was not possible, as the Z scores were unknown, so sequence information of selected tryptic peptides was obtained using MALDI-PSD. This information, in conjunction with the mass fingerprints of the proteins obtained by MALDI-TOF (MS) analysis, confirmed the identification of three proteins, spots 36, 48-49, and 206, as Pgm, GuaB, and Ctc, respectively (Table 4) . Using MS, spot 48 gave the same result as 49; the same thing was observed for spots 105 and 106. This was not surprising, since digestion of these proteins by trypsin gave peptides having approximately the same masses. The masses of the proteins 48 and 49 were 54. 4 For each pair, the two spots are different isoforms of the same protein, where the proteins could be desaminated, phosphorylated, or modified by chemical groups which shift the protein isoelectric point toward an acidic pH. Identification of proteins by N-terminal amino acid sequence determination. To identify or to confirm the identification of some proteins, N-terminal sequencing was performed. Proteins corresponding to spots 44, 109, 155, and 206 were confirmed to be similar to PdhD, an alanine dehydrogenase, a homolog of mannose-specific PTS enzyme IIAB, and Ctc, respectively. This technique enabled identification of the spots 105-106, 113, and 173 as being similar to a pyruvate dehydrogenase (PdhA), a glyceraldehyde-3-phosphate dehydrogenase (Gap), and CysK, respectively (Table 4) .
DISCUSSION
In this study, the pattern of protein synthesis after salt stress in L. monocytogenes was analyzed by 2-D gel electrophoresis, and the identities of 12 salt stress-induced proteins were determined by microsequencing and MS. The identified proteins belong to two groups: the salt shock proteins (Ssp), which are rapidly but transiently overexpressed (19) , and the stress acclimation proteins (Sap), which are more or less rapidly induced but still overexpressed several hours after the downshifts. For example, these two groups of proteins were described in response to cold shock in L. monocytogenes and in Pseudomonas fragi (2, 27) .
Our experiment revealed that in L. monocytogenes, six Ssp proteins were induced. Among these proteins, two general stress proteins (Gsp), DnaK and Ctc, were identified. DnaK, a heat shock protein, is required for stress tolerance, and it stabilizes cellular proteins (17) . The synthesis of DnaK also increased after salt stress in Lactococcus lactis and Enterococcus faecalis (9, 19) . However, the contrary was observed for B. subtilis (36) , but in the latter study the labeling was performed only 10 to 20 min after the addition of salt. Using this labeling period, Kilstrup et al. (19) suggested the increased synthesis of DnaK may have been missed if the kinetics of its synthesis were similar to those in L. lactis, as the synthesis rate had resumed the preshift level between 10 and 15 min after the stress. Ctc is induced in B. subtilis in response to various stresses, such as salt stress, and its function is unknown (18, 36) . Three other overexpressed salt shock proteins belonged to the general metabolism. First, an alanine dehydrogenase has been identified which presently does not seem to be involved in any other stress response (33) . The second protein, CysK, is needed for cysteine biosynthesis and is induced after cold and oxidative stresses in B. subtilis (1, 16) . The last identified protein is a glyceraldehyde-3-phosphate dehydrogenase (Gap), an enzyme of glycolysis whose synthesis increased in B. subtilis during the 30 min following cold stress. However, after saline stress, no change in the rate of synthesis of this enzyme was observed, either in B. subtilis or in L. lactis (16, 19, 39) . Because of the increase in the relative synthesis of an alanine dehydrogenase, CysK, and Gap, it appears that the synthesis of amino acids and the production of pyruvate, which is necessary for acetylcoenzyme A synthesis, one of the key components of the Krebs cycle, are of considerable importance after salt stress.
Only one of the 20 proteins repressed during the first 30 min following salt stress was identified; this was a phosphoglycerate mutase (Pgm), an enzyme of glycolysis and gluconeogenesis in B. subtilis (24) . To our knowledge, no decrease in the synthesis of Pgm has been described in response to any stress. This decreased synthesis could be related to the increasing synthesis of Gap, in order to compensate for the increasing amount of phosphoglycerate produced, but no clear explanation of these contradictory effects is possible at present.
In the present study, 11 Sap proteins were detected, and 7 of them were identified. The first is GbuA (a subunit of the glycine betaine transport system GbuABC), which is an osmoprotectant transporter accumulated in response to salt stress by L. monocytogenes and many bacteria, such as B. subtilis (12) . The examination of the deduced amino acid sequence of GbuA revealed 60% identity to the equivalent protein, OpuAA, from B. subtilis, which is also induced by salt shock (20, 31) . The second is an elongation factor (EF-Tu) whose synthesis rate increased in Mycobacterium tuberculosis in the presence of a high iron concentration (38) . It has been suggested that in Escherichia coli, EF-Tu, in addition to its function in translation elongation, might be implicated in protein folding and/or protection from stress (5). Salt stress also induced higher levels of GuaB, which shows a similar induction after superoxide stress in B. subtilis (1) . The overexpression of GuaB in L. monocytogenes could reflect a particular need for purines in surviving cells where DNA is being repaired, as after peroxide shock in B. subtilis (1) . Some induced Sap proteins were related to glycolysis. The catabolite control protein (CcpA), which controls the pathways of carbon catabolism, is a regulator of glycolysis in several microorganisms (3, 25, 35) and is induced after cold stress in L. lactis (39) . A homolog of mannose-specific PTS enzyme IIAB and two pyruvate dehydrogenase subunits (PdhA and PdhD) were also identified. Finally, the results observed agreed well with the fact that acclimation of L. monocytogenes to NaCl influences general metabolism and many metabolic pathways. For instance, the overexpression of EF-Tu, which has a protective influence on newly produced proteins, is probably important in protein folding and protein renaturation after stress (5). Overproduction of CcpA, the mannose-specific PTS enzyme IIAB, and the two pyruvate dehydrogenase subunits (PdhA and PdhD) is probably related to metabolic pathways providing energy. As a matter of fact, the Krebs cycle and sugar metabolism may be major sources of ATP for the bacterial cell and, in the present study, for stressed L. monocytogenes cells.
It is interesting that the accumulation of glycine betaine has been found to be important in L. monocytogenes tolerance to both osmotic and chill stresses. Our results indicate that among the salt stress-induced proteins identified, four proteins (DnaK, CysK, CcpA, and Gap) are overexpressed after cold stress in other bacteria (32) . Such results support hypothesized similar mechanisms of regulation in the adaptations to salt and cold stresses. Further work is required to better define the extent of the overlap between cold and salt stress adaptation in L. monocytogenes.
In conclusion, the present study revealed that one protein, GbuA, overexpressed in the presence of salt, is directly connected to the salt stress response. This response is also connected with general stress response, as two Gsp proteins (DnaK and Ctc) were induced after salt stress. In addition, because the synthesis of Gap, PdhA, PdhD, and Pgm is modified in the presence of salt, it appears that glycolysis is important after this stress. These proteins may represent vital enzymes that are rather salt sensitive and whose production is necessary to keep up a minimal level of catabolic metabolism. As for the other salt stress proteins identified in L. monocytogenes, it also apparent that they have a broad spectrum of functions. These observations reveal that the salt stress response is a rather complex process which remains to be elucidated by understanding the detailed function of the Ssp and Sap proteins. 
